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Can we build a probabilistic atlas of Earth’s 
magnetosphere for space weather?

• We now have enough in-situ measurements to test this idea seriously.
• MMS provides a strong first proof of concept for a data-driven magnetosphere atlas.

• The opportunity is to move from a single-mission research prototype to a multi-mission ESA 
capability.
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The question: what can current data already tell us?

• How far can current in-situ data take us toward mapping magnetospheric plasma 
regimes?

• Can we condition that map on space-weather activity, starting with Dst?

• The goal is not only region labeling, but estimating probability distributions of plasma 
states.

• This would support:
• regime identification,
• anomaly detection,
• data assimilation,
• probabilistic space-weather modelling.
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MMS already gives a 
proof of concept

• We built the prototype from about 
660,000 MMS1 state windows over 10 
years.

• Each state summarizes local plasma 
conditions over a 2-minute window.

• The method learns 12 discrete plasma 
regimes without expert labels.

• Python pipeline ingesting MMS1 dataset, 
processing, and applying the VQE
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What makes it possible

• Spacecraft data are strongly non-
uniform in space because they follow 
orbital tracks.

• We address this with an adaptive 3D 
octree:
• high resolution where data are dense,
• coarse resolution where data are sparse.

• We then use a VQ-VAE generative model 
to learn discrete plasma regimes.

• Each regime is represented not by one 
number, but by a distribution of plasma 
conditions.

• This makes the atlas both probabilistic 
and interpretable.
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Use case: Dst-conditioned magnetosphere response

• We compare regime occupancy during quiet and storm-time conditions 
using Dst.

• The atlas captures meaningful space-weather behavior:
• reduced tail plasma sheet occupancy on the nightside,
• increased strong-field / low-β states,
• more energetic plasma populations near Earth. 6



From research prototype to ESA capability

Infrastructure
• Build a harmonized unified 

multi-mission database  with 
magnetosphere “states”
• MMS, Cluster, THEMIS + others

• Larger 3D coverage
• More coverage in storm periods

• Standardized:
• Coordinates

• GSM vs. GSE
• plasma & field parameters

• Units
• metadata and uncertainty

Integration
• Connect existing ESA assets 

and datasets 
• Define common plasma 

regimes and probabilities 
• Enable interoperability by 

providing “most likely plasma 
states” conditioned  on X for: 
• modelling 
• simulation 
• data assimilation 

Operational value
• Provide a real-time probabilistic 

context of the magnetosphere given 
a number of conditional variables

• Support: 
• anomaly detection 
• space-weather forecasting 

• Deliver benchmark products for the 
community
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A new way to represent the magnetosphere

• The magnetosphere can be described as a set of 
probabilistic plasma regimes, learned directly 
from data

• This provides a data-driven, observation-based 
view complementary to physics models

• It enables a shift from deterministic regions → to 
probabilistic, condition-dependent states

• We can now move from describing the 
magnetosphere to statistically characterizing its 
behavior.

To appear in ICCS 2026
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